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Executive Summary  
In this report, we present an Integrated Resource Plan (IRP) for Arizona’s largest electric utility, 
Arizona Public Service Electric (APS). We chose to develop an IRP for APS given its recently 
announced goal to deliver 100 percent carbon-free power generation to customers by 2050.  
An IRP is developed by utilities to identify the optimal combination of demand- and supply-side 
resources needed to meet forecasted demand for energy and capacity, including a planning 
reserve margin, over a future period. The overarching goal of an IRP is to support the state utility 
regulatory body in fulfilling its constitutional and statutory obligations to provide safe, reliable, 
and affordable electricity, as well as in meeting its clean energy and environmental goals, where 
relevant. APS is required by the state utility regulator, Arizona Corporation Commission (ACC), to 
present a forward-looking IRP every three years.  
Based on APS’s own economic growth projections, forecast data from the Federal Energy 
Regulatory Committee (FERC), power plant retirements, and expiring power purchase contracts, 
we estimated APS’s capacity deficit at over 9,000 MW in 2050. In addition to its obligation to 
meet this load while minimizing costs, APS is required to adhere to the state Renewable Energy 
Standard (RES) policy of 15 percent retail sales from renewable energy by 2025. 
The analysis described in this report aims to identify the optimal resource mix for APS to deploy 
to reliably meet the forecasted deficit and deliver 100 percent of its retail sales from zero-carbon 
sources by 2050. This report covers an introduction of APS’s current system and the policy 
context in which it operates (Section 1), descriptions of the three scenarios analyzed (Section 2), 
the results (Section 3), the methodology used in the analysis (Section 4), and a gas sensitivity 
analysis (Section 5). We conclude with our recommendations (Section 6) for APS.  
The three scenarios that we assessed are summarized in Table 1. The Business-as-Usual scenario 
serves as a reference, exploring what it would look like if APS only adhered to Arizona’s current 
RES policy. The alternative scenarios explore two pathways to reaching zero carbon emissions 




Table 1. Summary of the scenarios 
Business-as-Usual 
 
100% Carbon-free Energy 
 
100% Renewable Energy 
• "BAU” 
• 15% RES reached by 
2025, maintained 
through 2050. 
• After RES, meet capacity 
needs with the lowest-
cost mix of solar, wind, 
storage, and natural gas-
powered CCGTs and CTs. 
• Palo Verde license 
extended beyond 2050. 
•   “Clean100” 
• 100% carbon-free resource 
penetration by 2050. 
• Interim targets of 15% RES 
by 2025, 45% renewable 
energy share and 65% 
carbon-free share by 2030. 
• Meet capacity needs with 
the lowest-cost mix of 
solar, wind, storage, 
natural gas CCGT + CCS and 
CTs. 
• CTs switch fuel to 
renewable synthetic 
natural gas (SNG) in 2050. 
• Palo Verde license 
extended beyond 2050. 
 
•  “RE100” 
• 100% renewable energy 
penetration by 2050 
• Interim targets of 15% RES 
by 2025, 45% renewable 
energy share and 65% 
carbon-free share by 2030. 
• Meet capacity needs with 
the lowest-cost mix of 
solar, wind, storage, natural 
gas-powered CTs. 
• CTs switch fuel to 
renewable synthetic 
natural gas (SNG) in 2050. 
• Palo Verde retired in 2046. 
 
Table 2. Key performance indicators for all scenarios in 2050 and the reference case in 2020. 
  2020 2050 BAU 2050 Clean100 2050 RE100 
Key Metrics 
Installed Capacity (MW) 8,885 17,560 22,964 46,024 
Energy Sales (GWh) 31,197 48,046 48,046 48,046 
Renewable Energy Share (%) 9% 23% 59% 100% 
Carbon-Free Energy Share (%) 41% 44% 100% 100% 
Emissions (MMT) 14.1 9.9 0.0 0.0 
Total Costs ($M) 3,610 4,395 6,230 7,483 
Average Retail Rate ($/kWh) $0.116 $0.091 $0.130 $0.156 
 
The results of our analysis show that both alternative scenarios demonstrated the feasibility of a 
zero-carbon system with Clean100 providing the least cost pathway to achieving APS’s zero-




1 Introduction  
1.1 Background 
Investor-owned electric utilities (IOUs) in Arizona are governed through administrative code 
created by rulemaking proceedings of the Arizona Corporation Commission (ACC). The ACC 
administers all public service corporations and requires that electric utilities provide 
documentation regarding their past and future operations and plans, as established in Article 15 
Section 31, including ratemaking and IRPs.  
 
The ACC adopted Arizona’s first Resource Planning and Procurement Rules in February 1989 
which led to the first round of utility IRP filing three years later. The rules were revised in 1995 
and again in 2012, after which APS filed its first formal resource plan in about two decades under 
the new rule and filing requirements ordered in Arizona Corporation Commission Decision No. 
717222. The rules extended the IRP forecasting and planning horizon from 10 years to 15 years 
and changed vendor detailed data inclusion and reporting compliance needs and frequencies, 
including IRP submissions every two years and work plan submissions every three years. The 
decision also directed resource requirements, asking that utility IRPs include renewables and 
distributed energy resources to meet the specified proportions as defined in Arizona 
Administrative Code.  
 
On April 2017, APS submitted its most recent IRP (“2017 Integrated Resource Plan”) in 
compliance with the ACC’s most recent Resource Planning and Procurement rules, denoted in 
the Arizona Administrative Code (AAC) R14-2-703.  The IRP presented seven capacity and energy 
mix portfolios for the 2017 to 2032 timeframe, based on projected loads and resources, forward-
looking carbon emission reduction plans, as well as grid flexibility and electrification goals. All 
portfolios included retiring Cholla Power Plant, APS’s largest coal plant, exceeding the state-
mandated renewable energy standard, as well as including battery storage, natural gas 
generation, and demand side management (DSM). The next IRP is due to be submitted in 2020.  
 
In light of the above, developing an IRP is a highly resource- and time-intensive process that is 
the result of iterative and participatory engagements with various stakeholders, including the 
public and the state PUC. The IRP that we developed is a condensed version that covers the key 
elements of assessing loads and resource needs and developing a capacity expansion model to 
ensure system reliability, while meeting policy requirements. We hope that our work can serve 
 
1 For more information on Article 15 Section 3: https://law.justia.com/constitution/arizona/15/3.htm 
2 Arizona Corporation Commission Decision No. 71722, in Docket No. RE-00000A-09-0249. June 3, 2010. This 




as a starting point for APS to further assess the proposed scenarios to achieve its ambitious 
carbon reduction goals. Our methodology and its limitations are described in Section 4.  
1.2 Overview of Arizona Public Service Company 
1.2.1 Existing System 
The Arizona Public Service Company (APS) is the largest electric utility in Arizona, serving one and 
a quarter million customers. In 2018, APS's system peak, occurring in the summer, was 7,300 MW 
and its energy sales totaled 27,942 GWh, with an average retail rate of $0.125 / kWh. As shown 
in Figure 1, APS’s service territory, including some of Arizona’s post populous counties, spans 
34,646 square miles with the transmission and distribution lines covering more than 35,000 
miles.  
 
Figure 1. Snapshot of APS’s Retail Electric Service Territory, locations of its major power plants and principle transmission lines. 
Source: 2017 APS IRP. 
1.2.2 Demand  
Forecasting electricity demand, or load, is an important part of the IRP process as it informs the 
estimation of capacity and energy required to balance supply and demand. APS provided a 
fifteen-year load forecast through 2032 in its IRP and projected peak load to grow at just over 
three percent annually (APS, 2017). Using a straight-line trend puts the load forecast at just over 
16,500 MW in 2050. APS attributed its load forecast to expected economic and population 
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growth. This is more than double the actual reported demand in 2017, according to its annual 
report (Pinnacle, 2018). After comparing this forecast to its historical forecasts and data from the 
Federal Energy Regulatory Commission's Annual Electric Balancing Authority Area and Planning 
Area Report (Form No. 714), we decided to utilize the load forecast provided by the latter which 
projected the load out to 2028. With a straight-line trend, we forecasted APS's peak load to be 
about 12,500 MW in 2050. While we acknowledge the potential for load growth in Arizona, we 
used a more moderate forecast for the purpose of our research. This is discussed further in 
subsection 4.1.2. 
1.2.3 Supply 
Arizona Public Service’s (APS) existing power system is almost equally divided between fossil-fuel 
and carbon-free-based electricity generation. As shown in Figure 2, APS's generation mix is 
anchored by carbon-free nuclear energy (25 percent) from the Palo Verde Nuclear Generating 
Station, referred to as “Palo Verde” throughout the report. Renewable energy resources, 
including solar, wind, and some biomass/biogas, facilities make up 12 percent. Most of the 
remaining generation is from natural gas (29 percent), coal (21 percent) and includes demand-
side measures (13 percent). The current generation mix, with nearly 50 percent coming from 
carbon-emitting sources, was calculated to have an emissions intensity of 440 kg CO2/MWh 
based on data from the United States Environmental Protection Agency’s (US EPA) 2018 
Emissions and Generation Resource Integrated Database (eGRID). APS’s electricity emissions 
intensity is slightly less than both the average 449 kg/MWh in the United States and 475 kg 
CO2/MWh globally according to the Energy Information Administration (EIA) (2018) and the 
International Energy Agency (IEA) (2019) respectively. 
 














1.3 Arizona’s Regulatory and Policy Environment   
This section presents an overview of the state and federal policies that influence or govern APS. 
In our analysis, we assume that the regulatory and policy environment remains unchanged 
through 2050. 
1.3.1 Local and State 
In the past two decades, Arizona passed more than a dozen policies to support energy efficiency, 
green buildings, and clean energy projects according to the Database of State Incentives for 
Renewables and Efficiency (DSIRE). The policies include codes and standards, such as the Solar 
Design and Energy Efficiency Standards for State Buildings in 2000 and 2005, the Appliance and 
Equipment Efficiency Standards in 2006, the Building Energy Code in 2006, distributed energy 
integration (SRP Net Metering in 2004), as well as zoning and permitting requirements. Several 
state laws, namely the Certificate of Environmental Compatibility, Delegated Clean Air Act 
Permitting, Aquifer Permit, and Title V Quality Permit, govern environmental permitting for new 
power plant construction. Furthermore, the Arizona Department of Environmental Quality 
(ADEQ) administers Arizona’s environmental laws and delegated federal programs to prevent air, 
water, and land pollution and ensure cleanup (APS, 2017). 
 
Leveraging its constitutional power, the ACC provides guiding instructions to regulated electric 
utilities to fulfil their service obligations, in addition to improving their environmental and carbon 
emissions footprint, in accordance with relevant federal and state policies. For example, in 
addition to its IRP rules as described in subsection 1.3.1, the ACC requires electric utilities to file 
a Certificate of Environmental Compatibility, a Ten-Year Transmission System Plan as well as 
studies and plans to assess the effects of renewable energy, distributed energy generation and 
energy efficiency on transmission (APS, 2017).   
 
In November 2006, the ACC expanded Arizona’s Renewable Energy Standard (RES), from 
Arizona's original Environmental Portfolio Standard (EPS), to require that Investor-owned Utilities 
(IOUs) and Retail Suppliers generate 15 percent of their power from renewable energy sources 
by 2025, from 0.4 percent of their power in 2002, by obtaining bundled renewable energy credits 
(RECs)3 from qualified renewable resources.4  Additionally, 30 percent (or 4.5 percent of total 
 
3 In Arizona, a REC is a bundled package of three elements: the kWh, the renewable attributes, and any 
environmental attributes. All three must be delivered to Arizona customers and utilities to meet the RES 
requirements. 
4 Solar Water Heat, Solar Space Heat, Geothermal Electric, Solar Thermal Electric, Solar Thermal Process 
Heat, Solar Photovoltaics, Wind (All), Biomass, Hydroelectric, Geothermal Heat Pumps, Combined Heat 
& Power, Landfill Gas, Wind (Small), Hydroelectric (Small), Geothermal Direct-Use, Anaerobic Digestion, 
Fuel Cells using Renewable Fuels. Source: DSIRE, 2020.  
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retail sales in 2025) of the renewable energy generation must be derived from distributed energy 
technologies5 , with half coming from residential and the other half from commercial and 
industrial applications. Moreover, the ACC Energy Efficiency Standard (EES), enacted in 2010, 
requires ascending cumulative energy savings of up to 22 percent of prior year’s retail sales up 
to the year 2020 (DSIRE, 2020). Our research assumes the same capacity and energy reductions 
from APS’s energy efficiency and demand response programs as states in APS’s IRP (APS, 2017). 
 
Finally, according to its website, APS recently announced its own goals that extend beyond the 
state requirements. These goals are that 45 percent of retail sales come from renewables and 65 
percent come from carbon-free sources by 2030, and 100 percent come from carbon free 
resources by 2050. We developed the scenarios to serve both the state RES as well as APS’s 
internal carbon reduction target. This is described further in Section 2.  
 
1.3.2 Federal 
On the federal level, there are another dozen guidelines, regulations, standards and legislation 
that govern APS’ planning process.  
 
The main legislative and regulatory authorities are the U.S. Congress, the U.S. Environmental 
Protection Agency (EPA) and the Nuclear Regulatory Commission (NRC). Given that Arizona has 
tribal lands, limited water resources, and natural reserves, environmental permits for new 
construction and other environmental legislation pertaining to water resources, such as the 
Endangered Species Act Consultation and Permitting, the Right-of-Way for Use of Tribal Lands 
and the Resource Conversation Act, have significant impact on the resource planning process of 
Arizona’s electric utilities. The NRC Nuclear Generation Licensing Process is another key 
permitting process since APS considers nuclear power generation to be included in all the 
portfolio scenarios described in its 2017 IRP. While we do not explore water and land use in our 
research, we believe they are important to determining the optimal portfolio of resources to 
deploy, considering Arizona’s limited water resources and land conservation requirements. 
 
Lastly, financial incentives such as the Business Energy Investment Tax Credit (ITC), the 
Renewable Electricity Production Tax Credit (PTC) as well as the Modified Accelerated Cost-
Recovery Systems (MACRS), enacted in 2002, provided favorable project financing and 
accounting conditions for corporates to accelerate the deployment of renewable energy projects. 
In their 2017 IRP, however, APS assumes that the tax provisions by the ITC and PTC will not be 
 
5 Distributed Generation: 30% of annual requirement in 2012 and thereafter (4.5% of sales in 2025); half 
of this must be from residential installations and half from non-residential, non-utility installations. 
Source: DSIRE, 2020. 
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extended beyond their scheduled expiration dates (APS, 2017). We assumed the same in the 
calculations of the system’s economics.  
1.4 Resource Needs Assessment  
Arizona Public Service Company’s (APS) system peak demand is forecasted to grow from 
approximately 7,400 MW in 2020 to more than 12,400 MW by 2050. Based on the data from 
FERC Form No. 714 and our own calculations, we forecasted annual energy sales to increase from 
31,197 GWh in 2020 to 48,046 GWh in 2050. While, APS has procured enough capacity to meet 
its Firm Load Obligation6 through 2020, a gap begins to form as the forecasted load exceeds the 
existing capacity, starting 2021. As shown in Figure 3, the resource gap increases, driven by 
increasing load growth, between one to two percent per year between 2020 and 2050, as well 
as power plant retirements and contract expirations accounting for 4,000 MW in capacity deficit. 
Therefore, in 2050, the forecasted shortfall is 9,276 MW.  
 
 
Figure 3. Forecasted loads and resources up to 2050. There is a resource gap of about 9,000 MW.  
  
 
6 The energy demand required to be met by APS following the load reduction resulting from its energy 
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2 Development of the Scenarios 
We designed our scenarios to answer the following research question: What is the least-cost 
pathway for APS to achieve its 100 percent carbon-free electricity goal by 2050? 
We compared three scenarios: Business-as-Usual (BAU), 100 percent Carbon-free Energy 
(Clean100), and 100 percent Renewable Energy (RE100); the first to meet Arizona’s current RES 
policy and two alternative scenarios to meet both the state policy targets as well as APS’s internal 
emission reduction goals. The following subsections provide an overview of the key 
considerations made for each scenario, the metrics assessed to determine the optimal capacity 
mix, as well as the design of the scenarios.  
2.1 Key Considerations 
Given the objective of our research, as well as the project scope and timeline, we outline the key 
considerations that guided our approach below. 
First, our analysis focused on supply-side resources and did not consider energy efficiency or 
demand response beyond the energy and capacity savings forecasted in APS’s 2017 IRP. The 
supply-side resources that we included are land-based wind from Arizona and neighboring New 
Mexico, utility-scale solar photovoltaics (solar PV), and natural gas Combined Cycle Gas Turbines 
(CCGT) and Combustion Turbines (CT). In 2050, we switched the fuels used in the CTs from natural 
gas to a renewable synthetic natural gas (SNG) to achieve the common zero carbon emissions 
target in both alternative scenarios. This is discussed further in Section 5.  
Second, to maintain system reliability and affordability, we considered a Planning Reserve Margin 
(PRM) requirement of 15 percent based on APS’s IRP (2017) and limited curtailment levels at 15 
percent.  
Third, the three scenarios have varying targets for carbon free and renewable energy penetration 
levels. The BAU scenario only meets and maintains the targets needed to comply with Arizona’s 
current RES policy. The Clean100 and RE100 scenarios, as described in the following section, 
target zero-carbon electricity generation by 2050 but have different renewable energy 
generation targets.  
Finally, we assumed no policy changes take place and deployed resources according to Arizona 




2.2 Metrics  
In assessing the outputs of our model to determine the optimal portfolio for APS, we analyzed 
the following electricity system and enviro-economic metrics: 
Electricity System 
• Installed Capacity: the installed or nameplate capacity of generating resources, referring 
to their maximum power output under optimal conditions. 
• Dependable Capacity: the amount of load a resource can reliably serve during the system 
peak. The installed capacity and dependable capacity are equal for thermal resources. For 
our analysis, the amount of dependable capacity provided by renewables and storage is 
calculated in aggregate and is based on how much the combination of these resources 
can reduce the system peak load.  
• Curtailment: the reduction or restriction of power production due to over generation and 
other infrastructure-related factors. 
• Planning Reserve Margin (PRM): the amount of generation capacity in excess of the peak 
Firm Load Obligation that a utility should make available to meet load under system 
uncertainties. 
• Revenue Requirement: calculated as the revenue required for the utility to meet its 
annual fixed, variable, transmission, and distribution costs. Fixed costs include capital 
recovery for its plants. Variable costs include plant operations and maintenance (O&M) 
expenses as well as fuel costs. Transmission and distribution costs include the costs of 
expanding, operating and maintaining the network of poles and wires used to deliver 
electricity. We did not account for APS’s allowable profit margins in our analysis.   
• Energy Generation: power generation over a specific period. We did not consider losses 
in our analysis. 
• Energy Sales: energy generation excluding curtailment and including the net battery 
storage discharge.  
Enviro-economic 
• Retail Rates: the average retail rate calculated as the revenue requirement divided by the 
electricity sales (electricity generation excluding curtailment). 
• Emissions: the total carbon dioxide (CO2) emissions resulting from electricity power 
production given the mix of generating resources. 





This subsection provides an overview of three scenarios used to determine the optimal resource 
mix for APS to meet its 2050 goals. The Business-as-Usual (BAU) scenario assumed compliance 
with the RES. The alternative scenarios, 100 percent Carbon-free Energy (Clean100) and 100 
percent Renewable Energy (RE100) assumed compliance with the RES as well as the 
accomplishment of APS’s internal carbon reduction goals. The key differences between the 
Clean100 and the RE100 scenarios are the renewable energy resource penetration levels and the 
portfolio of thermal resources available. 
2.3.1 Business-as-Usual (BAU) 
We designed the Business-as-Usual (BAU) scenario as a baseline to compare the two alternative 
scenarios against. The BAU scenario considers that APS will meet the state’s RES goals of 15 
percent retail sales from renewable energy resources by 2025. It does not account for APS’s 
ambitious 100 percent carbon-free electricity by 2050 goal since it is not mandated by the state 
of Arizona. We planned to meet the capacity deficit of about nine GW, as described in Section 
1.4, with natural gas CCGT and CT plants and to maintain a 15 percent RES to 2050 by choosing 
from a mix of supply-side renewable energy resources including solar PV, in- and out-of-state 
wind, and battery storage. This scenario also assumes that Palo Verde continues to operate 
beyond 2050.  
2.3.2 100 Percent Carbon-free Energy (Clean100) 
Clean100 was designed to meet Arizona’s RES policy and APS’s goal of carbon-free electricity 
generation by 2050, with interim goals of 45 percent renewable energy and 65 percent clean 
energy penetration by 2030. In addition to the aforementioned renewable energy resources, this 
scenario assumes that Palo Verde continues to operation beyond 2050 and that combined cycle 
gas turbines (CCGTs) with carbon capture and sequestration (CCS), referred to in the report as 
“CCGT + CCS”, are zero carbon energy resources available to be deployed by APS.  
2.3.3 100 Percent Renewable Energy (RE100) 
RE100 scenario was designed to meet the state and APS’s goals. However, its choices for capacity 
expansion are restricted to only renewable resources. It does not include CCGT + CCS and Palo 
Verde nuclear plant retires in 2046, considering the average lifetime of 60 years for a nuclear 
plant (Mill et al.,2017). The limited resources available to APS include solar, wind, storage, and 





In this section, we present the recommended capacity mix, the associated energy production, 
system economics, as well as an overview of how the resources are expected to behave on the 
system in 2050. 
3.1 Capacity  
The nameplate and dependable capacities in the three scenarios vary according to their targets. 
RE100 requires the highest installed capacity to compensate for having less dependable capacity. 
In the Business-as-Usual scenario, the resource deficit is fulfilled primarily by adding over 6,700 
MW of natural gas-powered CCGT capacity. The 15 percent RES requirement through 2050 is 
fulfilled largely by adding approximately 3,600 MW of solar PV capacity with less than 200 MW 
of out-of-state wind from New Mexico. We find that with only 21 percent of generation coming 
from renewables, the system does not require the addition of battery storage to capture 
renewable curtailment. The total installed capacity increases by about 8,600 MW, or 49 percent, 
to 17,560 MW in 2050.  
In the Clean100 scenario, APS’s goal to reduce emissions from electricity generation to zero leads 
to the total installed capacity increasing by about 14,000 MW to about 23,000 MW. This is 62 
percent more added capacity than the BAU scenario. The largest additions come from adding just 
over 5,000 MW of zero-carbon capacity in the form of natural gas CCGT + CCS and nearly 1,900 
MW of CT capacity. Because the Clean100 includes extending the license for Palo Verde, it 
benefits from being able to maintain more than 1,100 MW of carbon-free nuclear capacity to 
serve base load. While Clean100 was designed to maintain a RES target of 45 percent, renewables 
also prove to be an economical way to meet APS’s carbon-free goals with the additions of nearly 
4,800 MW of wind and 3,900 MW of solar PV. Lastly, just over 1,500 MW of storage capacity is 
added to keep the curtailment level at 15 percent.  
The RE100 scenario requires the most of installed capacity to reach its 100 percent renewable 
energy penetration target, with more than 37,000 MW of new capacity additions for a total 
installed capacity of about 46,000 MW. To avoid stranding non-renewable assets in 2050, the 
capacity expansion primarily comes in the form of renewables and storage. The only source of 
new flexible thermal capacity allowed, i.e. generators that can ramp up and down as needed, are 
natural gas-powered CTs. The CTs switch fuels from natural gas to SNG in the decade leading to 
2050. Solar PV accounts for approximately 16,600 MW of the additions, which is more than 
fourfold the installed PV capacity of the other scenarios. More than 14,000 MW of storage 
capacity, nine times that of the Clean100 case, not only serves to keep curtailment at 15 percent 
but also shifts energy to the times of the day when solar PV does not generate energy. The system 
dynamics of the RE100 in 2050 are detailed in the following subsection which includes a month-
hour chart for the RE100 system. The SNG-powered CTs account for more than 8,200 MW of the 
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capacity additions, double the amount added to Clean100, and are essential in providing the 
dependable capacity required in a high renewable energy system. The wind resources provide 
just under 2,800 MW capacity for this case. We believe the low amount of wind capacity is due 
to the dynamics between the amount of solar PV and storage capacity, and the curtailment 
constraints put on the system. The increased battery storage capacity in the RE100 scenario likely 
overlaps with the output profile of wind and diminishes the value of adding wind capacity.  
Both the Clean100 and the RE100 scenarios have more installed capacity than the BAU, but RE100 
has significantly more, at about 2.6 times the BAU (17.6 GW versus 46 GW). The impacts of having 
this much installed capacity on systems costs are discussed in Section 3.4. Due to the RES targets, 
the retirement of 1,146 MW of dependable thermal capacity provided by the Palo Verde nuclear 
plant in the RE100 scenario leads to a drop in dependable capacity, now replaced primarily with 
renewables that have variable output. Palo Verde can operate its installed capacity, 1,146 MW, 
every hour of the day, barring outages and maintenance. A solar PV or wind resource may only 
be able to generate at its installed capacity during the hours of the day when the renewable 
resources are operating in the optimal conditions. Therefore, it takes more installed capacity for 
renewables and storage to replace the energy provided by thermal generation. Finally, the 
required thermal capacity of SNG-powered CTs is double in RE100 compared to Clean100. The 
CTs in RE100 are essential in providing the dependable capacity required in a high renewable 
energy system, as we will discuss in the next subsection.  
Table 3 a below provide the installed capacities for the BAU, RE100 and Clean100 scenarios in 
2050, as well as the capacities for all scenarios in 2020, which are the same.  
Table 3. Installed capacity by resource type for all scenarios in 2020 and 2050. 
 2020 2050 BAU 2050 Clean100 2050 RE100 
Installed Capacity (MW) 
Coal 1,357  0  0  0 
Natural Gas CCGT, CT 5,567  12,090  0  0 
Natural Gas CCGT + CCS 0  0  5,042  0 
Synthetic Natural Gas CT 0  0  5,723  12,096 
Nuclear 1,146  1,146  1,146  0 
Storage 0  0  1,522  14,229 
Solar* 526  4,155  4,445  16,642 





Figure 4. Installed capacity per resource type in the BAU, Clean100, and RE100 scenarios in 2020 and 2050. 
*In 2020, “Solar” includes APS’s existing Solar Photovoltaics resources (owned or contracted) and its existing 
Solar Concentrated Power plant (Solana Generating Station). 
3.2 Energy Generation and Sales  
The energy generation mix is dependent on the combination of installed capacity, the Capacity 
Expansion Model (CEM) dispatch logic, the renewable and carbon-free targets for the year, and 
the allowable curtailment levels. Renewable generation is taken first by the Model, followed by 
storage. Any flexible thermal capacity is then dispatched to meet the remaining load.  
Predictably, the energy need in the BAU scenario is largely met with natural gas-powered CCGTs 
and CTs, with the baseload CCGTs generating six times as much as the CTs. Solar PV generates 
over 10,000 GWh of energy to meet Arizona’s 15 percent RES target and stays well under the 15 
percent curtailment allowance.  
The Clean100 scenario generation mix is balanced between renewables and carbon-free 
resources. Wind provides the most of any single generation resource at 17,000 GWh, followed 
by Palo Verde which generates more than 10,000 GWh of carbon-free nuclear energy. CCGT + 
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In RE100, solar PV generates the lion’s share of the energy, approximately 34,700 GWh or 66 
percent of the total energy needs. Storage enables the system to capture what would otherwise 
would have been curtailed energy and use it later. Wind generation makes up the next largest 
share at about 23 percent, followed by the CTs using SNG at 10 percent. This is twice as much 
generation as required from the SNG-powered CT generators at about 5,400 GWh, compared to 
the Clean100 scenario at about 2,300 GWh. This is due to the RE100 not having any other 
available thermal resource on the system.  
Figure 6 and Figure 7 demonstrate what the RE100 and Clean100 systems respectively would 
look like in 2050, on a monthly and hourly basis. The cost implication of using SNG is described 
in Section 5.  
Table 4. Energy generation per resource type in the BAU, Clean100, and RE100 scenarios in 2020 and 2050. 
 2020 2050 BAU 2050 Clean100 2050 RE100 
Net Generation (GWh) 
Coal 10,869  0  0  0 
Natural Gas CCGT, CT 7,420  27,104  0  0 
Natural Gas CCGT + CCS 0  0  9,520  0 
Synthetic Natural Gas CT N/A N/A 2,308  5,442 
Nuclear 10,039  10,039  10,039  0 
Solar 1,889  10,184  9,486  34,693 




Figure 5. Energy generation per resource type in the BAU, Clean100, and RE100 scenarios in 2020 and 2050. 
 
Figure 6. Month-hour average dispatch by resource in 2050 in the Clean100 scenario. 
Referring to Figure 6, the month-hour dispatch chart for the Clean100 scenario, we see a visual 
representation of how nuclear and wind serve the largest share of baseload and account for more 
than 50 percent of the total generation. Flexible thermal generation, CCGT + CCS and CTs fueled 
by SNG, provide additional energy primarily in the Summer and early Fall months, accounting for 
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about 20 percent of the generation. During the non-Summer months, energy generation from 
solar and wind is curtailed. We believe that with a more optimized storage dispatch methodology, 
both the storage resources and CTs could be more efficiently deployed to target peak demand.   
 
Figure 7. Month-hour average dispatch by resource in 2050 in the RE100 scenario. 
Referring to Figure 7, the month-hour dispatch chart for the RE100 scenario, solar and wind 
provide 90 percent of the generation. As mentioned in the capacity discussion, over 14,200 MW 
of storage capacity is utilized to capture otherwise curtailed energy from renewables for use 
when demand is not met by variable renewables. With the summer peak driving the amount of 
solar PV and storage installed capacity, we see substantial curtailment in the months leading up 
to summer. Optimizing the model battery storage performance or deploying batteries with 
longer duration than the four-hour ones modeled would likely result in a more efficient system. 
Lastly, SNG-powered CTs fill the gap that renewables and storage cannot, providing generation 
primarily in the summer months. We selected CTs instead of CCGTs as the dispatchable thermal 
resource to ensure that we have sufficient peaking thermal plants on the system if needed. 
3.3 Emissions 
Our research focuses solely on carbon dioxide (CO2) emissions from the production of electricity. 
The emissions start out at approximately 14 MMT of CO2 per year in each of the three scenarios 
in 2020.  
Emissions in the BAU case decline slightly between 2020 and 2040 down to nine MMT per year, 
due to 1,300 MW of retired coal plants being replaced with natural gas plants that have lower 
emissions. After 2040, once all coal plants are retired, emissions begin rising again as natural gas 
capacity continues to be added to the system to meet load growth.  
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The emissions in the Clean100 and RE100 scenarios show a steady decline after 2020. To achieve 
the 2050 target without stranding assets, no new carbon-emitting resources, except for CTs, are 
added to the system after 2020. While CTs do contribute to CO2 emissions before their fuel is 
switched to SNG 2050, their capacity factor remains less than 10 percent in all modeled years. 
The emissions in both alternative scenarios decline at approximately the same rate, reaching zero 
emissions by 2050. 
 
Figure 8. Annual emissions for all three scenarios in the respective test years from 2020 to 2050. 
3.4 System Cost 
This subsection covers the results of the economic analysis of the BAU, Clean100, and RE100 
scenarios. We found that the varying dependable and fixed capacities needed as well as the SNG 
fuel costs drove the cost differences in the three scenarios analyzed.  
The BAU scenario, with only a 15 percent RES to comply with, has the lowest total cost. This is 
due to the retiring coal plants being replaced with lower cost natural gas generation. The total 
system costs ended up at $4.4 billion with an average retail rate of nine cents per kilowatt-hour. 
 
The stricter carbon and renewable goals of the alternative scenarios made it necessary to refrain 
from adding any new carbon-emitting capacity to meet base load. Therefore, renewable capacity 
from solar, wind, and storage were the only sources of dependable capacity for the RE100 
scenario. The Clean100 scenario also had access to CCGT generators with CCS, but at nearly twice 
the cost of a natural gas CCGT and about 70 percent more capital cost than the cheapest 



























The reliance on renewables for dependable capacity in the RE100 scenario resulted in a high 
amount of installed capacity due to the variable output of solar and wind. Figure 9 illustrates the 
installed capacity versus dependable capacity for each case. RE100 requires more than twice the 
installed capacity as Clean100 and 2.6 times more than the BAU case. Ultimately, this is the 
largest driver of the fixed cost differences between the scenarios.  
 
Figure 9. Comparison of installed capacity and dependable capacity for 2020 and each 2050 case. 
Variable generation costs also contributed to the difference in system costs. While the 
renewable-heavy alternative scenarios benefited from solar, wind, and storage being modeled 
without variable costs, the fuel cost of the SNG used in the CTs represented a significant portion 
of costs, more than 10 percent for Clean100 and more than 20 percent for RE100. We further 
discuss the potential impact of SNG prices in the next section of the report. 
As a result, the revenue requirement for the Clean100 scenario is $6.2 billion, $1.8 billion more 
than the total system costs than BAU and had a retail rate that was four cents higher at 13 
cents. The RE100 scenario has the highest total system cost at $7.5 billion and a retail rate seven 
cents higher than the BAU at 16 cents.  
With the transmission and distribution costs remaining unchanged across the three scenarios, as 
described in subsection 4.1.1, the fixed and variable generation costs are the main drivers of the 
differences in APS’s revenue requirements and average retail rates. Table 5 and Figure 10 below 
illustrate the breakdown of the systems cost as well as the revenue requirement in 2020 and 
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Table 5. System costs for all scenarios in 2020 and 2050. The system cost, and hence the revenue required, is the sum of the 
generation costs (fixed and variable), transmission, and distribution costs. 
  2020 2050 BAU 2050 Clean100 2050 RE100 
Fixed Generation ($M) 2,258 2,015 3,380 4,191 
Variable Generation ($M) 647 1,196 1,666 2,108 
Transmission ($M) 346 582 582 582 
Distribution ($M) 359 603 603 603 
Revenue Requirement ($M) 3,610 4,395 6,230 7,483 
Average Retail Rate ($/kWh) 0.12 0.09 0.13 0.16 
 











2020 2050 BAU 2050 Clean100 2050 RE100
$
M
Fixed Generation Variable Generation Transmission Distribution
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4 Methodology  
Our research focused on determining the resource capacities that needed to be deployed from 
2020 to 2050 to meet APS’s goal, the corresponding revenue requirement, the retail rate, and 
the emissions intensity. We used a spreadsheet-based Capacity Expansion Model (CEM) to 
develop our recommendations for APS according to key metrics described in subsection 2.2. The 
inputs and outputs of our model are shown in Figure 11. 
 
Figure 11. IRP methodology used by the authors. 
4.1 Inputs 
We started our analysis by conducting a literature review of various secondary resources to 
obtain techno-economic data for the supply side technologies modeled.  
4.1.1 Techno-economic Data  
We obtained heat rates for each existing generator in APS’s fleet from the Energy Information 
Administration’s (EIA) Annual Electric Generator Report (Form EIA-860) and used forecasted 
generator heat rates from the 2019 National Renewable Energy Laboratory (NREL) Annual 
Technology Baseline (ATB), which provided projections through 2050. Additionally, we used 
carbon dioxide emission intensities provided by a study conducted by Black and Veatch for NREL 
in 2012.). 
We leveraged NREL’s SAM Model and Wind Prospector tools for the renewable energy supply 
curves and capacity factors of the selected wind and solar resources. We averaged data from six 
sites around APS’ service territory for the solar energy shape used and from 17 sites in both 
Arizona and New Mexico. We then scaled these supply curves, according to the future capacity 
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factors sourced from the NREL ATB report, to account for technological advancements in wind 
turbine technology.  
CCGT + CCS generators were assumed to capture 90 percent of their CO2 emissions. Moreover, 
to model CCGT + CCS as a carbon-free resource, we assumed that a blended fuel, consisting of 
90 percent natural gas and 10 percent biogenic renewable natural gas, was used. 
Finally, we obtained economic data, including fuel costs, fixed and variable operations and 
maintenance (O&M) costs, and the capital expenditures (CAPEX) from the NREL ATB. We used 
values provided by a study conducted by HDR for Portland General Electric in 2018 for the CAPEX 
of CCGTs and CTs for a more accurate depiction of the technology used. To determine the 
annualized fixed costs, we calculated a Capital Recovery Factor (CRF) based on APS’s discount 
rate of 7.5 percent per its 2017 IRP and the expected economic lifetimes of the resource which 
we equated to the technical lifetimes. The retirement dates of the resources were based on 
standard useful lifetime values from a report developed for NREL (Mill et al., 2017). The variable 
and marginal costs were calculated by multiplying the fuel costs, mostly provided by NREL ATB, 
by the generator heat rate and adding the resulting value to the variable O&M. The fuel cost of 
the SNG used in the decade leading to 2050 is based on a study conducted by Energy and 
Environmental Economics (E3) for the California Energy Commission (CEC) (Aas et al., 2020).  
4.1.2 Load Data  
Our model used historical hourly load data to capture APS's annual load shape for the 8,760 hours 
of the year. In its 2017 IRP, APS forecasted an average annual growth rate of 3.3 percent from 
2017 to 2032. The projected peak load growth emulates Arizona’s Growth Domestic Production 
(GDP) growth of also 3.3 percent in the last two quarters of 2019 according to the Bureau of 
Economic Analysis. It could also be explained by the population growth that occurred between 
2010 and 2018 at about 13 percent, compared to the US average of 6 percent according to the 
United States Census Bureau in 2018. However, APS’s peak load averaged 0.3 percent growth 
annually from 2013 to 2018, based on data reported the 2018 annual report published by 
Pinnacle West Corporation, APS's parent company. We, therefore, chose to use the load forecast 
from FERC Form No. 714 to take a more conservative approach than APS, while acknowledging 
load growth potential due to population and economic growth. FERC forecasts a 1.8 percent 
average annual increase in peak load. 
4.2 Capacity Expansion Model 
A Capacity Expansion Model (CEM) is one of the tools used for long term electricity system 
planning to “evaluate the least-cost portfolio of electricity generators, transmission, and storage 
needed to reliably serve load over many years or decades” according to a report developed for 
NREL (Frew et al., 2017). Our model hinged on the least cost dispatch of resources based on the 
marginal costs of the various generations. 
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Using a set of objective functions and constraints in Microsoft Excel’s Solver function, we 
determined the optimal mix of the lowest cost supply-side resources for APS to deploy to ensure 
that it meets its reliability requirements as well as the RES and its internal goals. We also validated 
our results using net load duration curves, screening curves, and minimum cost curves. In 
developing the BAU and alternative scenarios as described in Section 0, we adjusted the resource 
mix to ensure that the proportion of the load served from clean and renewable sources met the 
desired targets.  
We determined the generation costs by adding the annualized fixed costs for all supply-side 
resources, calculated as the sum of the fixed O&M and the CAPEX multiplied by the CRF, and the 
variable generation or marginal costs, calculated as the sum of the variable O&M and fuel costs 
multiplied by the heat rates. We obtained the transmission and distribution costs by analyzing 
the historical relationship between said costs and annual peak load. The data for this analysis was 
found in FERC’s Form 1 Electric Utility Annual Report, which is a comprehensive financial and 
operating report used for electric rate regulation and financial audits. As our analysis did not 
include variations of our load forecasts, the transmission and distribution costs were the same 
across all scenarios. We then added the cost of transmission and distribution (T&D) to the 
generation costs to get the total revenue requirement.   
Finally, we fixed the capacity mix from 2020 to 2030 in the alternative scenarios and iteratively 
assessed the deployment of varying resources in the decades leading to 2050 to meet distinct 
renewable energy penetration goals.  
4.3  Outputs 
The outputs of the CEM include data on the system generation, capacity, economics and other 
metrics of interest in our research as described in subsection 2.2. The results of the CEM are 
illustrated in Section 0.  
4.4  Model Limitations  
There are several important limitations in our CEM that we would like to acknowledge. Our model 
does not consider market dynamics such as electricity imports and exports and price 
considerations, such as in Purchase Power or Gas Supply Agreements, which could impact the 
marginal costs used in our model. We also do not consider APS’s participation in the Western 
Energy Imbalance Market or the Southwest Power Pool. Moreover, we do not account for the 
additional infrastructure investments and upgrades which may need to take place in the 
transmission and distribution systems as well as in the gas pipelines to accommodate for 
renewable fuels.  On a technology level, we did not model generator-specific constraints, system 
losses, battery charging conditions, or the impact of new technologies analyzed in APS’s 2017 
IRP, such as Small Module Nuclear Reactors. While these are key factors to consider for an 
industry-grade IRP, modeling them was beyond the scope of our research. Further areas of 
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research that we would have liked to explore include the land and water use implications of each 
scenario, optimization of the battery storage performance, and the use of curtailed energy in 
energy markets or for industrial purposes. 
5 Gas Sensitivity Analysis  
This section presents the results of our sensitivity analysis of the prices of the renewable synthetic 
natural gas (SNG) fuel used to power the CTs in the Clean100 and RE100 scenarios and the impact 
on APS’s revenue requirement and retail rates.  
5.1 Portfolio Dependency on Gas 
A common theme across all three scenarios is the importance of gas as a fuel. In all three 
scenarios, gas fuel costs account for more than 20 percent of total system costs. In the BAU 
scenario, more than half of generation comes from natural gas powered, load-following CCGT 
and CT generators. While the alternative scenarios use less gas on a percentage basis of 
generation, CT generators powered by renewable natural gas are an important source of flexible 
thermal peaking generation, enabling the alternative scenarios to be operable within the 15 
percent curtailment constraint. The alternative scenarios rely on a renewable natural gas to meet 
their clean and renewable goals, so we felt it was important to compare the quantities needed 
to the estimated potential supply available. 
A 2011 report published by the American Gas Foundation estimated the potential for biogenic 
gas derived from biomass feedstocks from in-state sources for Arizona to be 20.9 million 
dekatherms per year, which is equivalent to 20.9 Million British thermal units (MMBtu). As shown 
in Table 6, the alternative scenarios both exceeded this level of consumption. With the estimated 
in-state supply of biogenic gas being insufficient, we decided to explore SNG as another option, 
as it can be manufactured by combining CO2 and hydrogen sourced in a carbon-neutral manner 
and produced with renewable electricity. 
Table 6. Summary of gas use metrics for all scenarios in 2050 and Reference scenario in 2020. 
Annual Gas Metric 2020 BAU Clean100 RE100 
TBtu of gas per year 74 187 59 
(21 SNG) 
50 SNG 
Generation from Gas (GWh) 7,420 27,104 11,828 5,442 
% of Generation 24% 56% 25% 11% 
Fuel Cost ($M) 241 978 1,388 2,054 





5.2 SNG Price Sensitivity Analysis 
Because SNG fuel costs account for more than 20 percent of the total costs in both alternative 
scenarios, we decided to analyze the impact SNG prices had on total system costs and retail rates 
at two other price levels. We sourced prices for SNG from a report published by the California 
Energy Commission (CEC) in 2020 entitled “The Challenge of Retail Gas in California’s Low Carbon 
Future - Technology Options, Customer Costs, and Public Health Benefits of Reducing Natural Gas 
Use” (Aas et al., 2020).  
The price used in our model, $41 per MMBtu, is a result of optimistic assumptions around the 
pace of power-to-gas industry learning, electrolysis technology adoption, CO2 sourcing, and 
energy sourcing7. We chose this price as it is the closest to the prices of other zero-carbon drop-
in fuels, like hydrogen and biogas, that we considered as renewable fuels for the CT generators. 
The second price, $86 per MMBtu, is also from the CEC report and is the output of more 
conservative assumptions. We also analyzed a $5 per MMBtu price level, which would put SNG 
at parity with the forecasted natural gas prices forecasted from the NREL 2018 ATB.  
As shown in Table 7 and Figure 12, at the $86 price level, retail rates increased 15 percent 
compared to the modeled $41 SNG price level in the Clean100 case and 30 percent in the RE100 
scenario. Moreover, although the RE100 case relies on the least amount of gas generation of all 
the scenarios, all its gas generation uses SNG for fuel, resulting in a higher sensitivity to SNG 
prices and a 30 percent total system cost increase. At the $5 price level, the gap in difference in 
total system costs between Clean100 and RE100 shrinks to around $200 million and the retail 
rate for RE100 is only 0.4 cents per kilowatt-hour higher. The alternative scenarios remain more 
expensive than the BAU scenario, even at the natural gas parity price, indicating that the price of 
SNG is not the sole contributing factor to the cost differences between the scenarios. It is 
important to note that we did not change the capacity mixes of the portfolios for the purpose of 
this analysis, however, we do acknowledge that optimizing the portfolios at each price level 
would result in different capacity mixes. 
  
 
7 In the $41/MMBtu scenario according to the report, hydrogen is produced via Solid oxide electrolytic cells by 
2030, CO2 is a co-product of biofuel production and energy is sourced by off-grid wind at $40/MWh. 
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Table 7. Total system costs and retail rates at different SNG price levels. 
  SNG Price Level Clean100 RE100 
Revenue Requirement ($/B) CEC Conservative $7.2 $9.7 
  Modeled $6.2 $7.5 
  Natural Gas Parity $5.5 $5.7 
Retail Rate ($/kWh) CEC Conservative $0.147 $0.197 
  Modeled $0.130 $0.156 
  Natural Gas Parity $0.114 $0.118 
Retail Rate Impact (+/- %) CEC Conservative 15% 30% 
  Natural Gas Parity -12% -24% 
 
 































6 Conclusions and Recommendations 
With Arizona’s RES as its only clean energy target, the BAU scenario produced the lowest cost 
portfolio for APS at 9.1 cents per kilowatt-hour by installing mostly natural gas capacity. This 
lands APS at a mere 23 percent renewable energy share and total annual system emissions of 10 
MMT of CO2 in 2050, decreasing the emissions intensity of its electricity production by about half 
compared to 2020. Our alternative scenarios raise the bar, showcasing two pathways for APS to 
reach its ambitious zero-carbon electricity generation target by 2050 goal.  
Clean100, with the advantages of building upon the carbon-free generation delivered by Palo 
Verde and leveraging CCGT + CCS technology to provide dispatchable thermal generation, 
reached the zero-carbon target by 2050 at a cost 42 percent higher than the BAU at 13.0 cents 
per kilowatt-hour. The RE100 scenario showcases an outcome where generation is met primarily 
with solar and wind resources, balanced with battery storage and SNG-powered CTs, at a cost 70 
percent higher than the BAU case and 20 percent higher than Clean100 at 15.6 cents per kilowatt-
hour. Much of these costs are attributable to the need to install more dependable capacity to 
reach an operable system due to the high penetration of renewables on the system as compared 
to the BAU case. Both alternative scenarios demonstrated the feasibility of a zero-carbon system, 
but also highlighted the importance of having dispatchable renewable fuel-powered thermal 
resources to meet reliability. Without CT resources, even more installed capacity of renewables 
and battery storage would be needed, driving up costs further. Therefore, RE100 depends heavily 
on SNG-powered CTs to provide the flexible and dependable capacity needed to maintain 
reliability. The reliance on SNG, however, also means these scenarios are dependent on the 
availability and price of SNG in 2050, even more so in RE100.  
Our recommendation is that APS pursue Clean100 as it provides the least cost pathway to 
achieving its zero-carbon electricity production goal by 2050. Clean100 allows APS to leverage an 
existing, reliable source of carbon-free generation in Palo Verde, while limiting exposure to risk 
from SNG supply and prices. It is worth noting that the Clean100 and RE100 scenarios follow 
similar capacity expansion paths up to 2040, so APS could revisit this decision, pending 
developments in policies or the technologies used in either case. Finally, we recommend that APS 
consider making investments in the research and development as well as the infrastructure 
needed to accommodate carbon-free or carbon-neutral gas resources. APS could also consider 
assessing the feasibility of retrofitting or re-powering its existing fossil fuel resources to include 
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7.1 Appendix I: Key Scenario Summary for All Scenarios 2020 and 2050 
  2020 2050 BAU 2050 Clean100 2050 RE100 
System Overview 
Installed Capacity (MW) 8,885 17,560 22,964 46,024 
Dependable Capacity (MW) 8,518  14,316  14,316  14,316 
Energy Sales (GWh) 31,197  48,046  48,046  48,046 
RES Energy (GWh) 2,869  10,903  28,486  48,046 
RES Share (%) 9% 23% 59% 100% 
Carbon-Free Share (%) 41% 44% 100% 100% 
Emissions (MMT) 14.13 9.91 0.00 0.00 
Emissions Intensity (g CO2/kWh) 452.88 206.31 0.00 0.00 
Curtailment (GWh) 0 281 4,675 8,262 
Curtailment Share (%) 0.0% 2.5% 15.0% 15.0% 
System Costs 
Fixed Generation Costs (M$) 2,258  2,015  3,380  4,191 
Variable Generation Costs (M$) 647  1,196  1,666  2,108 
Transmission Costs (M$) 346  582  582  582 
Distribution Costs (M$) 359  603  603  603 
Total Costs (M$) 3,610  4,395  6,230  7,483 
Average Retail Rate ($/kWh) $0.116 $0.091 $0.130 $0.156 
Dependable Capacity (MW) 8,518  14,316  14,316  14,316 
InstalledCapacity (MW) 
Coal 1,357  0  0  0 
Natural Gas CCGT 5,567  12,090  0  0 
Natural Gas CCS 0  0  5,042  0 
Synthetic Natural Gas CT 0  0  5,723  12,096 
Nuclear 1,146  1,146  1,146  0 
Storage 0  0  1,522  14,229 
Solar 526  4,155  4,445  16,642 
Wind 289  169  5,086  3,057 
Net Generation Share 
Coal 35% 0% 0% 0% 
Natural Gas 24% 56% 0% 0% 
Natural Gas CCS 0% 0% 20% 0% 
Synthetic Natural Gas CT 0% 0% 5% 10% 
Nuclear 32% 21% 21% 0% 
Solar 6% 21% 20% 66% 




7.2 Appendix II: Installed Capacity for All Modeled Years 
Installed Capacity (MW) - Business-as-Usual 
Resource 2020 2030 2040 2050 
Coal 1,357 970 0 0 
Natural Gas CCGT, CT 5,567 7,542 10,291 12,090 
Natural Gas CCGT + CCS 0 0 0 0 
Synthetic Natural Gas CT 0 0 0 0 
Nuclear 1,146 1,146 1,146 1,146 
Storage 0 0 0 0 
Solar 526 1,425 2,934 4,155 
Wind 289 368 169 169 
 
Installed Capacity (MW) - Clean100 
Resource 2020 2030 2040 2050 
Coal 1,357 970 0 0 
Natural Gas CCGT, CT 5,567 6,779 7,275 0 
Natural Gas CCGT + CCS 0 0 1,946 5,042 
Synthetic Natural Gas CT 0 0 0 5,723 
Storage 0 293 293 1,522 
Solar 526 3,107 3,651 4,445 
Wind 289 2,455 3,600 5,086 
 
Installed Capacity (MW) - RE100 
Resource 2020 2030 2040 2050 
Coal 1,357 970 0 0 
Natural Gas CCGT, CT 5,567 6,779 9,522 0 
Natural Gas CCGT + CCS 0 0 0 0 
Synthetic Natural Gas CT 0 0 0 12,096 
Nuclear 1,146 1,146 1,146 0 
Storage 0 293 9,429 14,229 
Solar 526 3,107 9,841 16,642 





7.3 Appendix III: Net Generation for All Modeled Years 
Net Generation (GWh) and Net Generation Share (%) for all Modeled Years - Business-as-Usual 
Resource 2020 2030 2040 2050 
  GWh Share GWh Share GWh Share GWh Share 
Coal 10,869 35% 8,317 23% 0 0% 0 0% 
Natural Gas CCGT, CT 7,420 24% 12,935 35% 23,732 56% 27,104 56% 
Natural Gas CCGT + CCS 0 0% 0 0% 0 0% 0 0% 
Synthetic Natural Gas CT 0 0% 0 0% 0 0% 0 0% 
Nuclear 10,039 32% 10,039 27% 10,039 24% 10,039 21% 
Solar 1,889 6% 4,150 11% 7,933 19% 10,184 21% 
Wind 980 3% 1,372 4% 726 2% 719 1% 
Total 31,197 100% 36,814 100% 42,430 100% 48,046 100% 
         
Net Generation (GWh) and Net Generation Share (%) for all Modeled Years - Clean100 
Resource 2020 2030 2040 2050 
  GWh Share GWh Share GWh Share GWh Share 
Coal 10,869 35% 4,215 11% 0 0% 0 0% 
Natural Gas CCGT, CT 7,420 24% 5,993 16% 8,486 20% 0 0% 
Synthetic Natural Gas CT   0%   0%   0% 2,308 5% 
Nuclear 10,039 32% 10,039 27% 10,039 24% 10,039 21% 
Solar 1,889 6% 7,457 20% 8,441 20% 9,486 20% 
Wind 980 3% 9,186 25% 12,621 30% 17,007 35% 
Total 31,197 100% 36,891 100% 42,506 100% 48,360 100% 
         
Net Generation (GWh) and Net Generation Share (%) for all Modeled Years - RE100 
Resource 2020 2030 2040 2050 
  GWh Share GWh Share GWh Share GWh Share 
Coal 10,869 35% 4,215 11% 0 0% 0 0% 
Natural Gas CCGT, CT 7,420 24% 5,993 16% 4,811 11% 0 0% 
Natural Gas CCGT + CCS 0 0% 0 0% 0 0% 0 0% 
Synthetic Natural Gas CT 0 0% 0 0% 0 0% 5,442 10% 
Nuclear 10,039 32% 10,039 27% 10,039 23% 0 0% 
Solar 1,889 6% 7,457 20% 20,951 47% 34,693 66% 
Wind 980 3% 9,186 25% 8,624 19% 12,122 23% 







7.4 Appendix IV: Techno-economic Data in All Modeled Years 







Coal  97.52 55 
Nuclear 0.00 60 
CCGT 53.07 40 
CT 53.07 40 
CCGT + CCS 0 40 
Land Wind (Arizona)  0 20 
Land Wind (New Mexico) 0 20 
Solar PV 0 25 
Solar CSP 0 30 
Battery Storage  0 15 
 
Average Heat Rate (MMBtu/ MWh) by Technology and Year 
Technology / Year 2020 2030 2040 2050 
Coal  9.27 8.80 8.80 8.80 
Nuclear 9.30 10.46 10.46 10.46 
CCGT 11.41 6.23 6.23 6.23 
CT 10.00 9.30 9.30 9.30 





Fuel and Technology Costs 




























Coal  2.0 5 24 5791 0.08 33 476 
Nuclear 0.6 3 9 6600 0.08 111 613 
CCGT 3.3 4 42 1300 0.08 20 123 
CT 3.3 10 43 1300 0.08 13 116 
CCGT + CCS 3.3 17 42 2222 0.08 34 210 
Land Wind 
(Arizona)  
0.0 0 0 1528 0.10 42 192 
Land Wind 
(New Mexico) 
0.0 0 0 1528 0.10 42 192 
Solar PV 0.0 0 0 1075 0.09 13 109 
Solar CSP 0.0 4 4 6770 0.08 91 664 
Battery 
Storage  






Coal  2.2 5 24 3869 0.08 33 329 
Nuclear 0.7 2 9 6246 0.08 101 576 
CCGT 4.1 4 29 852 0.08 7 74 
CT 4.1 10 48 1200 0.08 2 97 
CCGT + CCS 4.1 17 48 1987 0.08 34 191 
Land Wind 
(Arizona)  
0.0 0 0 1252 0.10 41 164 
Land Wind 
(New Mexico) 
0.0 0 0 1252 0.10 41 164 
Solar PV 0.0 0 0 862 0.09 10 88 
Solar CSP 0.0 4 4 4796 0.08 51 457 
Battery 
Storage  






Coal  2.2 5 24 3766 0.08 33 321 
Nuclear 0.7 2 9 5906 0.08 101 550 
CCGT 4.6 4 32 826 0.08 7 72 
CT 4.6 10 52 1161 0.08 2 94 
CCGT + CCS 4.6 17 51 1852 0.08 34 181 
Land Wind 
(Arizona)  
0.0 0 0 1144 0.10 36 148 
Land Wind 
(New Mexico) 
0.0 0 0 1130 0.10 36 147 
Solar PV 0.0 0 0 766 0.09 9 78 
Solar CSP 0.0 4 4 4095 0.08 51 398 
42 
 
Fuel and Technology Costs 































Coal  2.2 5 24 3639 0.08 33 311 
Nuclear 0.7 2 10 5530 0.08 101 521 
CCGT 5.2 4 36 800 0.08 7 70 
CT 5.2 10 58 1127 0.08 2 92 
CCGT + CCS 5.2 17 56 1726 0.08 34 171 
CT + SNG 41.0 10 58 1127 0.08 2 92 
Land Wind 
(Arizona)  
0.0 0 0 1027 0.10 33 134 
Land Wind 
(New Mexico) 
0.0 0 0 1003 0.10 33 131 
Solar PV 0.0 0 0 683 0.09 8 69 
Solar CSP 0.0 4 4 3878 0.08 51 380 
Battery 
Storage  
0.0 0 0 608 0.11 15 84 
 
